Activated sludge from different full-scale wastewater treatment plants (municipal, pulp and paper industry, starch manufacturing and cheese manufacturing wastewaters) was used as a source of microorganisms to produce biodegradable plastics in shake flask experiments. Acetate, glucose and different wastewaters were used as carbon sources. Pulp and paper wastewater sludge was found to accumulate maximum concentration (43% of dry weight of suspended solids) of polyhydroxy alkanoates (PHA) with acetate as carbon source. Among the different wastewaters tested as a source of carbon, pulp and paper industry and starch industry wastewaters were found to be the best source of carbon while employing pulp and paper activated sludge for maximum accumulation of PHA. High concentration of volatile fatty acids in these wastewaters was the probable reason.
Introduction
There has been considerable interest in the development of biodegradable plastics due to the problem and harmful effects of conventional plastics on the environment. Polyhydroxyalkanoates (PHA) are an attractive substitute among the biodegradable plastics, because they can be used in various ways similar to many conventional petrochemical derived plastics currently in use and due to complete biodegradability upon disposal under various environments (Kim et al., 1994; Lee and Yu, 1997; Chua et al., 2003) . Poly-beta-hydroxybutyric acid (PHB) and its copolymer poly(3-hydroxybutyrate-cohydroxyvalerate ((P(3HB-co-HV)) are the most widespread PHAs, although other forms are possible. Many microorganisms can accumulate PHA. However, its widespread applications have been limited due to high production cost. Much effort has been made to reduce the production cost.
Many researches have been conducted to investigate the possibilities to produce PHA by using activated sludge as a mixed culture. By this approach, the quantity of excess sludge generated from activated sludge process will reduce and be reused, therefore reducing the cost for sludge treatment and disposal, and a new way for carbon recycle through the conversion of organic pollutants in waste into valuable products. Satoh et al. (1998) reported that activated sludge from laboratory scale anaerobic-aerobic reactors accumulated PHA up to 20% under anaerobic conditions and up to 33% under aerobic conditions.
The activated sludge used in most of the researches of PHA production was acclimatised with synthetic wastewater in laboratory scale; very little was known about the activated sludge from full scale wastewater treatment plants, especially from certain industrial ones. Furthermore, the wastewater used as carbon sources for PHA production was also hardly studied. Therefore, the objective of this study was to evaluate the potential of waste activated sludge (AS) from full-scale municipal and industrial wastewater treatment plants using different carbon sources for PHA production.
Materials and methods

Activated sludge
Four types of fresh activated sludges for PHA production were obtained from municipal (MAS), pulp-paper (PAS), starch (SAS) and dairy (DAS) wastewater treatment plants (WWTP) in Quebec Province, Canada. The characteristics of the four types of sludges are listed in Table 1 .
Carbon sources
Three different sole carbon sources were used for PHA production. I) Sodium acetate (NaAc) was used with concentrations of 2.5, 1.5, 1.0, 0.5 and 0.25 g-Ac 2 /l. II) Glucose with the following concentrations 2.5, 1.5, 1.0, 0.5 and 0.25 g/l. III) Wastewaters were sampled from different wastewater treatment plants: municipal (MWW), pulp-paper (PWW), starch (SWW) and dairy (DWW) (cheese manufacturing) in Quebec Province, Canada. The characteristics of different wastewaters are shown in Table 2 .
Shake flask experiments
The sludge was concentrated by gravity settling, the suspended solids (SS) of the activated sludge were measured. The experiments were conducted within a couple of hours after the sampling. Activated sludge (200 mL, 0.5 g/l SS) was transferred to a 500 mL Erlenmeyer flask and an appropriate amount of acetate or glucose was added to obtain the desired concentration. In the case of wastewater as carbon source, a pre-determined volume of sludge was added to wastewater so as to obtain a 0.5 g/L of suspended solids concentration. For all experiments, pH was adjusted to 7.0 by 2 mol L 21 H 2 SO 4 or 1 mol L 21 NaOH. The flasks were incubated at 25 8C for 24 hours in a rotary shaker at 250 rpm. Samples were drawn at a predetermined time.
Analytical techniques
Four millilitres culture broth was sampled in a pre-weighed centrifuge tube and centrifuged at 5,000 rpm for 10 minutes. The settled biomass was washed three times with distilled water and centrifuged, then put in a desiccator for at least 48 hours. The final weight of the tube was measured to calculate the sludge dry weight. The extraction of PHA was made by the methanol and chloroform extraction method described by Comeau et al. The supernatant of the centrifuged samples was used to determine dissolved chemical oxygen demand (DCOD), acetate (Ac 2 ) and glucose concentration. The concentration of acetate was measured using ICS-2000, Ion chromatography systems (Dionex Co.) with the column of Ion Pac AS14 anion-exchange columns. The glucose concentration was determined utilizing the glucose oxidase -peroxidase-o-dianisidine enzymatic assay kit (Sigma-Aldrich, Inc.) (Bergmeyer and Bernt, 1974) . The ammonium nitrogen (NH 4 þ -N), total Kjeldahl nitrogen (TKN), orthophosphate (ort-P) and total phosphate, COD, and suspended solids (SS) were analysed according to standard methods (APHA, 1992) . Volatile fatty acids in wastewater were determined by gas chromatograph.
Results and discussion
Acetate as the carbon source for PHA production Pulp paper activated sludge (PAS). The summary of the results at different acetate concentrations using PAS is presented in Table 3 . At the concentrations of 1.0, 0.5 and 0.25 gAc 2 /l (under substrate limiting conditions), PHA concentration increased, reached a maximum and then decreased due to limitation of carbon source. At non-limiting acetate concentration (2.5 and 1.5 gAc 2 /l), the biomass growth and PHA accumulation occurred simultaneously until 24 h (results not shown). The maximum PHA accumulation was obtained at acetate concentration of 1.0 g Ac 2 /l at 16 h. The maximum PHA concentration obtained at acetate concentration of 1.0 gAc 2 /l was 2 times that obtained at 2.5 gAc 2 /l, and 3.8 times that obtained at 0.25 gAc 2 /l. At 0.5 and 0.25 g Ac 2 /l, the maximum PHA content was low due to the shortage of the carbon source, and the maximum PHA content of cells at 1.5 and 2.5 g Ac 2 /l was also less than that at 1 g Ac 2 /l. Therefore, it is important to select optimum concentration of carbon sources. At acetate concentration greater than 1.0 g Ac 2 /l, the rate of PHA accumulation as well as PHA concentration decreased; this could be due to inhibition at high acetate concentration. This inhibition could be alleviated by: (a) increasing solids concentration and (b) operating the system in a fed-batch culture by maintaining acetate concentration lower than 1.0 g Ac 2 /l.
Municipal activated sludge (MAS), dairy activated sludge (DAS) and starch activated sludge (SAS). A similar phenomenon was noticed as that using PAS and the maximum PHA content (wt% of biomass) was obtained at acetate concentration of 1.0 g-Ac 2 /l, irrespective of sludge type. However, the maximum accumulation of PHA reached 30.64% using MAS, 4.7% using SAS and 21.73% using DAS at 24 h, instead of 43.06% at 16 h using PAS (Table 4 ). Thus, the PHA production potential of the PAS was significantly higher than that of MAS, DAS and SAS.
The study on PHAs production was also conducted by Takabatake et al. (2002) using 18 activated sludge samples from four municipal wastewater treatment plants (WWTPs) in aerobic batch experiments with excess supply of acetate as the sole carbon source. The highest PHA content obtained was 29.5% of mixed liquor suspended solids (MLSS), with the lowest 6.0% and average 18.8% (w/w). The results obtained in this study showed almost similar PHA content (30.64%w/w) for MAS as that obtained by Takabatake et al.; however, significantly higher PHA content was observed for PAS.
Glucose as the carbon source for PHA production Pulp paper activated sludge (PAS). Experiments were conducted for PHA production (four types of activated sludge) using glucose as carbon source (Table 5 ). The biomass growth and PHA accumulation occurred simultaneously at glucose concentrations of 2.5, 1.5, 1.0, and 0.5 g/l during the period of 24 h. At glucose concentration of 0.25 g/l, PHA concentration decreased when all glucose was consumed (after 12 h). The maximum PHA concentration increased with the increase of the glucose concentration used. The maximum PHA production was obtained at glucose concentration of 2.5 g/l at 24 h. It seemed that there was no inhibitory effect of glucose as observed in case of acetate. Also, there was no significant difference between the maximum PHA concentration at different glucose concentrations (0.5 to 2.5 g/l).
Municipal activated sludge (MAS), dairy activated sludge (DAS) and starch activated sludge (SAS). The maximum PHA concentration was observed at 2.5 g/l glucose concentration irrespective of sludge type. The results of different sludges obtained at 2.5 glucose concentration are compared in Table 6 . The maximum PHA accumulation was almost the same irrespective of sludge type. However, the maximum PHA content with glucose as carbon source was significantly lower than that using acetate as carbon source.
Wastewater (WW) as the carbon sources for PHA production Among the four types of wastewaters, the PWW showed the highest potential for PHA production (Figure 1 ). Since volatile fatty acids (VFA) are substrates, which can readily be converted to PHA; volatile fatty acids concentration in the influent wastewater was measured (Table 7) . It was clear that the highest concentration of VFA and high C : N ( Table 2 ) ratio in PWW might be an explanation for the highest PHA production using PWW. This suggested that industrial wastewater rich in volatile fatty acids could be a good carbon source for PHA production. Thus, this approach is a possibility for production of bioplastics coupled with wastewater treatment. About 40% (420.3 to 248.6 mg-COD/l) of COD was converted to PHA and this reduction in COD would decrease the pollution load to be treated at the wastewater treatment plant. This will also decrease the cost of wastewater treatment and result in less sludge production.
Conclusions
Different types of activated sludge were tested employing different carbon sources for the production of PHA. The pulp-paper activated sludge showed the highest potential for PHA production. Acetate and pulp-paper industry wastewater was found to be the best carbon source for highest PHA accumulation. The amount of carbon source fed, and in particular, the type of carbon source used was the most important. The use of activated sludge to convert carbon sources into PHAs can produce bioplastics and also reduce a part of the problem of the disposal/production of municipal and industrial activated sludge. The selection of industrial and municipal wastewater as a carbon source can further reduce the cost of production of PHAs and minimise the treatment cost.
